Although the kinetics of cardiac systolic force restitution have been well described, the restitution kinetics of left ventricular relaxation have not been examined. animals2'3 as well as in isolated hearts4-6 and isolated muscle preparations.7-10
T he force-interval relation describes differences in contractile response of cardiac muscle resulting from variation of the rate and rhythm of stimulation. This relation has two distinct aspects, mechanical restitution and postextrasystolic potentiation.1 Mechanical restitution is the time-dependent process by which the ability of the muscle to contract returns after a stimulation. Postextrasystolic potentiation describes the way in which the contractile strength of a beat at a fixed time after an extrasystole depends on the interval preceding the extrasystole. Both of these phenomena have been described by monoexponential functions relating mechanical response to the extrasystolic interval,1 and both ultimately reach a steadystate plateau when contractile performance is independent of further changes in the extrasystolic interval. The force-interval relation is a basic property of myocardium and has been studied in intact animals2'3 as well as in isolated hearts4-6 and isolated muscle preparations. [7] [8] [9] [10] Weir and Yue10 have shown that the time constants of mechanical restitution and postextrasystolic potentiation are very similar and that contractile response has a linear correlation with intracellular Ca'+ concentration. Their studies with ryanodine, an inhibitor of the sarcoplasmic reticulum (SR) Ca2t release channel, have defined an essential role for the SR in the force-interval relation. These investigators concluded that the relation is a physiological expression of the availability of intracellular Ca2 , which is dependent on the SR. A phenomenological model of Ca2' flux among the SR, myoplasm, and extracellular space has been proposed to describe the kinetics of the force-interval relation.6 '10 Despite the large body of work performed delineating cardiac systolic restitution, very little has been done to define the pattern by which the heart's ability to relax rapidly returns after a stimulus, a phenomenon we term relaxation restitution. Relaxation, like myocardial contraction, is an energy-requiring process. Myocardial crossbridge separation and sarcomere force decay are dependent on active Ca21 uptake by the SR and resultant dissociation of Ca2' from troponin C. Although sarcolemmal Na+-Ca21 exchange participates in determining intracellular Ca2' levels, it is a low-affinity transport system and probably does not play a major role during isovolumic relaxation (see Reference 11 for review).
Because myocardial relaxation depends on the SR, we hypothesized that the ability of the left ventricle to relax should also display time-dependent recovery. The purpose of this study was to determine whether this was the case and, if so, how it could be best described. Our results indicate that the restitution of isovolumic relaxation follows a specific pattern that can be fit by two monoexponential functions, one with a rapid and one with a slow time constant. Thus, in a fashion similar to other aspects of mechanical performance, relaxation behavior of the myocardium is dependent on the stimulus interval and demonstrates time-dependent restitution.
Materials and Methods
All animal studies were performed in accordance with guidelines described in the "Guide for Care Three sets of piezoelectric crystals were implanted in the endocardium of the left ventricle along the anterior-posterior, septal-lateral, and long axis diameters to allow for continuous measurement of these dimensions. Pacing electrodes were sutured to the epicardium of the left atrium and the free wall of the left ventricle. Balloon occluder cuffs were placed around the inferior vena cava. After the chest was closed in multiple layers, all wires and tubes were tunneled subcutaneously to exit from the back of the neck. The animals were allowed to recover a minimum of 2 weeks before experimentation.
All experiments were performed with the animal lying in a sling on its right side. The dogs were anesthetized with a combination of thiopental sodium (25-30 mg/kg), droperidol (1.5-3.0 mg/kg), and fentanyl (0.03-0.06 mg/kg). Once anesthetized, respiration was supported with endotracheal intubation and mechanical ventilation with room air. Pharmacological autonomic blockade was produced by the administration of intravenous atropine (0.1 mg/ kg; maximum dose, 2 mg) and hexamethonium (20) (21) (22) (23) (24) (25) Ees is the slope of the relation and VO is its volume intercept.
For the mechanical restitution experiments, end systole was considered to occur at the point of maximal time-varying elastance (Em,) for the beat, as previously described by Suga et al (see Reference 15 for review). This was defined as the maximal ratio of left ventricular pressure to corrected left ventricular volume (the absolute volume minus the VO, determined from the caval occlusions). End diastole was defined as occurring at the peak of the QRS complex. For analysis purposes, dP/dt was calculated from the instantaneous left ventricular pressure by using a running five-point linear fit. The period of isovolumic relaxation was defined as occurring between the time of peak negative dP/dt to the time when pressure had fallen to 5 mm Hg above the end-diastolic pressure for that beat.
For each mechanical restitution run several parameters were determined for both the test extrastimulus (the beat after either the ESI or PESI, depending on the run) and the control beat (defined as the last beat occurring at the basic cycle length before the test extrastimulus). The time constant of isovolumic relaxation, r, was determined by nonlinear regression analysis of the pressure and time data during isovolumic relaxation by using a monoexponential function of the form PLV= (PO-Pb) x exp(-t/T) + Pb where PLV is left ventricular pressure, PO is an estimate of the pressure at peak negative dP/dt, t is the time (in milliseconds), r is the time constant of relaxation, and Pb is the floating pressure asymptote as t approaches infinity. The computer algorithm used the method described by Hartley.16 Ravg, the average rate of pressure fall during isovolumic relaxation, was defined as the total pressure fall during this period divided by its duration (in milliseconds). Emax for each beat was determined as described above. Each of these parameters was normalized to the value from its matched control beat and expressed as a percent.
The time interval from end-diastolic pressure to
Emaxwas defined as Tm.. (time to maximal elastance).
The time of the isovolumic relaxation period was defined as T,. The time from the beat starting pressure to the end of isovolumic relaxation was defined as total time (Tt) for the beat. To determine relative contributions of relaxation time, the ratios Tmax/Tr and T,T5 were determined. These ratios were normalized to the control values and expressed as a percent.
All monoexponential function analysis and restitution time constant derivations were performed according to standard nonlinear techniques. The forms of the equations themselves are noted in the text.
Statistical Analysis
Comparisons between time constants of the first and second phases of relaxation restitution as well as comparisons between the time constants of systolic force recovery and relaxation recovery were made using the paired t test. A value of p<O.05 was considered significant. Comparisons between the time constants of postextrasystolic restitution were made using repeated-measures analysis of variance and least-squares means. A value of p<0.025 was considered significant.
Results

Relaxation Restitution of Single Extrasystoles
Analog tracings from a typical run at a basic cycle length of 375 msec are shown in Figure 1 . There is no respiratory variation in intrathoracic pressures or diameters. Figure 2 is Figure 6 . Note that in addition to prolongation of the time constants with increasing ESI, the transition between the first and second phases of restitution occurs earlier with lower ESIs and that the entire curve appears to be shifted to the right with increasing ESI.
Systolic Mechanical Restitution
As previously reported, restitution of mechanical contractile response can be described by an elastance-based construct. 3 The restitution curve obtained is approximated by a monoexponential function of the form
SBEn=CRmaxX{1-exp[(ESIO-ESI)/TCs]} (3)
where SBEn is normalized single beat Figure 7 , the increase in relaxation rate seen from short ESIs until the basic cycle length parallels the increase in systolic mechanical response during the same period. We propose that this relaxation restitution behavior can be modeled as a monoexponential and that it is consistent with available models of intracellular calcium handling.
Numerous previous studies have indicated that a major determinant of myocardial relaxation is the reuptake of intracellular calcium by the SR (see References Ka, plateau asymptote for first phase of restitution; TC1, time constant of the first phase of isovolumic diastolic restitution; Kb, plateau asymptote for the second phase of restitution; TC2, time constant of the second phase of isovolumic diastolic restitution.
SR to another. The kinetics could be related to some time-dependent enzyme behavior or other governing mechanism of calcium uptake and release. Nonetheless, the model does predict how mechanical performance can be related to intracellular calcium fluxes in the myocardium.
Direct evaluations of cardiac SR support this model. Studies with ryanodine indicate that SR calcium uptake and sequestration capacity are not unlimited but that they display saturation.20 Also, studies of calcium transport by isolated SR vesicles demonstrate that in the appropriate medium these will reach a plateau level of calcium accumulation (see Reference uptake and myocardial relaxation rates. The kinetics of this substrate level regulation appear to be appropriate to allow beat-to-beat regulation of myocardial relaxation. This model also predicts the effect of different ESIs on postextrasystolic restitution. Our results show that the restitution of relaxation for postextrasystolic beats was faster for shorter ESIs (Table 3) . As discussed above, shorter ESIs leave more calcium in the SRu. Thus, the amount of calcium available for transfer to SRR and release for the postextrasystolic beat at any given interval will be greater for shorter ESIs, with a resultant reduction in SRu during that beat. The imbalance of calcium distribution produced by this stimulation pattern, and in particular the reduction of SRu during the postextrasystolic beat, will be of smaller magnitude as the ESI is increased toward the basic cycle length and reversed as it exceeds the basic cycle length. This would be reflected in slowed restitution of postextrasystolic relaxation as the ESI becomes longer. In addition, the same mechanism would dictate that systolic mechanical restitution of postextrasystolic beats would proceed more rapidly with smaller ESIs, a result we have previously demonstrated. 3 The model does not explain the second phase of relaxation restitution, and the determinants of this behavior are less clear. A likely mechanism is that this phase of relaxation restitution results from loadinduced effects on relaxation. Prior ESI (msec) FIGURE 7. Restitution curves for both relaxation and contractile force from a single animal by using normalized time constant of isovolumic relaxation (ir) and elastance. The first phase of relaxation restitution parallels the recovery of systolic force and proceeds with a smaller time constant (TC), indicating that relaxation recovers faster than contractile force. ESI, extrasystolic interval. Table 2 ).
sure-volume loop from a beat with an ESI longer than the basic cycle length (Figure 9 ), it can be seen that the load during the early phase of contraction is increased in the extrasystole compared with control: there is higher left ventricular volume and consequently higher wall stress (contraction load is higher in this beat, an effect that would prolong relaxation). In addition, left ventricular volume is lower during isovolumic relaxation in this beat (relaxation load is lower in this beat, an effect that would also prolong relaxation). Thus, in the extrasystole with a long ESI, loading conditions favor a slower rate of relaxation, or a longer r. These effects would be greater with progressive increases in ESI beyond the basic cycle length and are consistent with the slow rise in r seen at high ESIs during the second phase of relaxation restitution.
The pattern of relaxation restitution we found was observed regardless of the parameter used to define isovolumic relaxation. The results obtained using r, a K2 SARCOLEMMA FIGURE 8 . Compartmental model of calcium transport, after Weir and Yue.10 There are three compartments: the sarcoplasm (S), the sarcoplasmic reticulum uptake pool (U), and the sarcoplasmic reticulum release pool (R 
